thin-layer electrophoresis and chromatography on silicagel or cellulose plates followed by radioautography it was possible, depending upon the specific activity of the reagent used, to detect radioactive peptides obtained from as little as 1 ,ug of protein.
Seryl-tRNA synthetase gave the correct number of tryptic peptides expected for a dimer of identical subunits. Leucyl-tRNA synthetase, on the other hand, gave roughly half the number of radioactive tryptic, chymotryptic, and acid protease peptides expected from the lysine, arginine, and methionine content of the 100,000 monomer. We have interpreted these results as indicating that extensive internal homology exists among lysine-and methioninecontaining peptides within the leucyl-tRNA synthetase. The simplest conclusion that can be drawn from these observations is that the NH2-and COOH-terminal halves of leucyl-tRNA synthetase and perhaps other synthetases of 100,000 molecular weight may have evolved through a process of gene duplication and fusion, followed by limited diversification by way of amino-acid substitutions accumulating during evolution.
The polypeptide chains of aminoacvl-tRNA synthetase from various organisms, with few exceptions, are composed of about either 450 or 900 amino-acid residues per chain. They are usually isolated as monomeric proteins (al) of roughly 100, 000 daltons, or as dimers (a2) or tetramers (a4 or a2#2) of about 50,000 daltons per subunits (1) (2) (3) .
The existence of two such distinct polypeptide chain lengths for enzymes of common function suggested that the chains with molecular weights of 100,000 might have resulted from partial gene duplication. If this were the case, a considerable amount of internal homology would be predicted. This possibility has been examined by peptide mapping of an Escherichia coli synthetase of each type: seryl-tRNA synthetase (two 50,000 subunits) and leucyl-tRNA (one 100,000 polypeptide chain). Tryptic digests of seryl-tRNA synthetase were examined by conventional two-dimensional peptide mapping procedures, but these methods proved inadequate for the leucyl-tRNA synthetase. To study peptide digests of this enzyme, a thinlayer mapping procedure was devised, involving selective modification of lysine and methionine residues with 4C-labeled reagents before proteolytic digestion. This Seryl-and leucyl-tRNA synthetases from E. coli KL126 were prepared in homogeneous form by described methods (5, 6) . Polyacrylamide gel electrophoresis revealed each to be a single component using Tris-glycine (7) and Na dodecyl sulfate (8) gel systems. Molecular weights of 50,000 (seryltRNA synthetase) and about 100,000 (leucyl-tRNA synthetase) were determined from their relative mobilities on Na dodecyl sulfate-polyacrylamide gels, in agreement with published values (9, 6, 10 (4). Two-dimensional peptide mapping, with either silica-gel or cellulose thin-layer plates (20 X 20 cm), was done with standard chromatography tanks and a DESAGA-Brinkman coldplate electrophoresis unit. Aliquots (1-10 Ml) of each digest were spotted on a plate with the aid of intermittent forcedair drying. Standard chromatography solvents such as butanol-.acetic acid-water (BAW) (3: 1: 1; v/v) or pyridinebutanol-acetic acid-water (PBAW) (10: 15:6:24; v/v) and volatile electrophoresis buffers at pH 3.6 or 6.5 (13) were used in the following combinations: I, BAW, pH 6.5, II, BAW, pH 3.6; HI, PBAW, pH 6.5; IV, PBAW, pH 3.6. Mapping on silica-gel plates usually involved electrophoresis in one dimension followed by ascending chromatography in the second dimension (14) . When cellulose plates were used, satisfactory results were obtained only when samples were first chromatographed parallel to the direction in which the cellulose plate was spread (i.e., parallel to the uncovered glass edges) and then subjected to electrophoresis in the second dimension, perpendicular to the grain of the plate. The tryptic peptides of S-carboxymethylseryl-tRNA synthetase were observed by means of standard ninhydrin stain (15) , while the "4C-labeled peptides of leucyl-tRNA synthetase digests were detected by radioautography (24-to 48-hour exposure times) using Kodak RP/S x-ray film.
RESULTS AND DISCUSSION
To see if the 100,000, single-chain class of aminoacyl-tRNA synthetases could have arisen by duplication and fusion of genes coding for polypeptide chains of 50,000 daltons, we looked for evidence of internal sequence duplication in E. coli leucyl-tRNA synthetase. The number of lysine-and methionine-containing peptides obtained from enzymatic digests of this enzyme was determined and compared to that expected from the amino-acid composition of the enzyme. As a control, we also counted the number of tryptic peptides obtained from seryl-tRNA synthetase, which is a dimer of two 50,000-dalton subunits (9) . Two-dimensional peptide mapping on thin-layer plates coated with cellulose or silica gel was the method of choice because only small amounts (100-250 ug) of protein are required (14) . When this technique was used with the tryptic digest of S-carboxymethylseryl-tRNA synthetase, between 46 and 52 ninhydrin-positive spots were observed (Fig. 1) . The best patterns were obtained with cellulose rather than silica-gel plates. All of the tryptic peptides were soluble in the pH 6.5 pyridine-acetate buffer used for electrophoresis, and very little ninhydrin-positive material remained at the origin. Based upon the lysine and arginine content reported earlier for the seryl-tRNA synthetase dimer, a maximum of 108 tryptic peptides would be expected if the subunits were totally different (9) . Since about half the maximum possible number of tryptic peptides are observed, we conclude that the subunits of seryl-tRNA synthetase have very similar or identical sequences. These findings confirm the designation of the enzyme as an a2 synthetase, a conclusion initially based upon observations that the subunits possessed identical size and electrophoretic mobility (9) and that the molecule contained two noninteracting binding sites for each of its substrates (5) .
When the same conventional mapping procedure as was used for the seryl-tRNA synthetase was applied to tryptic digests of the leucyl-tRNA synthetase, the maps showed considerable trailing, due to either limited solubility or the large size of the peptides, thus making meaningful interpretation impossible. For this reason we decided to treat the protein with radioactive reagents that react specifically with certain amino-acid residues. We chose ["4CJsuccinic anhydride, which will react with the amino-terminal residue and the E-amino groups of lysine (11), and ["4C]iodoacetic acid, which can be used to selectively alkylate methionine residues under acid conditions (12) . The introduction of radioactivity offers several potential advantages. Since radioautography is the sole method of detection, only those peptides containing the "4C-modified residues are seen. This permits proteases with broader specificity than trypsin to be used without producing an overly complex map. Thus, digestion with chymotrypsin, acid protease, or possibly, thermolysin yields smaller peptides, which have more favorable chromatographic and electrophoretic properties than the larger tryptic peptides. In addition, it was possible to use much smaller samples than required for conventional (14) mapping techniques. Depending on the specific activity of the modifying reagents and the exposure time, less than 1 ,g of protein could be used.
WhenS-carboxymethvl-[I4C]succinylated leucyl-tRNA synthetase was digested with chymotrypsin and the peptides were submitted to thin-layer electrophoresis and chromatography, a radioautogram of the plate gave the pattern shown in Fig. 2 peptides expected from the amino-acid composition of leucyltRNA synthetase (6) . Additional two-dimensional maps of the chymotryptic digest gave 28-35 lysine-labeled peptides. All the radioactive peptides were soluble in the buffer used to apply the sample to the plate, and almost no radioactivity appeared at the origin; thus the number of spots on the radioautogram provides an estimate of the maximum number of lysine-containing peptides in the digest. It might be expected that a particular lysine residue, would appear in several overlapping peptides due to the variability in the rates of chymotryptic cleavage at different residues. We tried to minimize this difficulty by digesting the leucyl-tRNA synthetase with large amounts of chymotrypsin for extended periods. If incomplete digestion had occurred we would have observed more peptides than were actually found. Since only half the expected number of lysine-containing peptides were obtained, we interpret this as evidence for extensive internal homology in the enzyme. As an independent check of this result, we attempted to map a tryptic digest of the ["4C]-succinylated leucyl-tRNA synthetase. Despite the fact that even larger peptides are obtained by treatment of the succinylated rather than the unmodified enzyme with trypsin, the presence of so many negatively charged groups and the greatly reduced sample loads permitted adequate resolution of the lysine-blocked tryptic peptides. A representative map (Fig. 3) shows about 26 peptides or somewhat over half the number (43) expected from the arginine content of the enzyme. While the relatively high background prevented an unambiguous interpretation, the results are consistent with those obtained from the chymotryptic digest. Further confirmation of internal sequence homology was obtained by treatment of the tryptic digest with the acid protease of S. aureus, which splits at glutamic and aspartic acid residues (4). A map of this digest (Fig. 4) indicated the presence of about 35 lysine-containing peptides, or somewhat over half the number expected.
When leucyl-tRNA synthetase, labeled with ['4Cliodo-acetate on methionine residues, was digested with chymotrypsin and submitted to thin-layer peptide mapping, the pattern shown in Fig. 5 was obtained. (15) (16) (17) (18) (19) (20) j&g) was applied to a silica-gel plate, subjected to electrophoresis at pH 6.5, and then chromatographed in pyridine-butanolacetic acid-water. lysine-containing peptides of modified leucyl-tRNA synthetase after digestion with trypsin and S. aureus acid protease. About 25 sg of the digest was applied to a silica-gel plate, subjected to electrophoresis at pH 3.6 in the first dimension (the cathode is to the left), and chromatographed, in the second dimension, in butanol-acetic acid-water.
It is generally accepted that gene duplication, followed by independent evolution of one (gene) of the subsequent pair, is probably responsible for generating new proteins possessing more specialized functions necessary for the continuing evolution of the species (16). Evidence for complete or partial gene duplication followed by gene fusion has been inferred from studies of proteins such as immunoglobulins (17), phosphofructokinase (18), haptoglobin (19) , tryptophan synthetase (20) , and ferredoxin (21) .
For haptoglobin, the fusion event must have occurred relatively recently since some populations do not have haptoglobin 2a and the sequences of the fused chains are nearly identical (19) . The tryptophan synthetases of Neurospora crassa and yeast also provide interesting examples of gene fusion in that they each appear to contain a single polypeptide chain which possesses both types of activities found in the separable A and B chains of E. coli tryptophan synthetase (20) . With the immunoglobulins, the internal sequence homology is convincing enough in the constant regions of heavy chains to infer that these regions of the immunoglobulins arose by gene duplication and fusion but that subsequent amino-acid substitutions in the constant regions permitted different functions to be assumed by each constant-region domain (17) .
Even though the single-chain, 100,000-dalton aminoacyltRNA synthetases appear to have considerable internal se- ML~' i * . t . . . . ; . . . . ' A quence repetition they exhibit only a single binding site for each substrate, whereas the multimeric synthetases contain an average of one binding site for each 50,000-dalton subunit (1-3). Several explanations are possible. It may be, for instance, that the monomeric enzymes have so-called "half-site reactivity" (22) . This is considered unlikely, however, since detailed kinetic and binding studies (3) with isoleucyl-tRNA synthetase (100,000-dalton single chain) gave no evidence for additional substrate-binding sites. A more plausible reason for single binding sites per 100,000-dalton monomer could be that half of each of the proteins diverged sufficiently to assume a new, and as yet unknown, function in the cell. In this respect, another role suggested for the synthetases is possible involvement in regulating the biosynthesis of their amino-acid substrates, or in their controlling the synthesis of their own polypeptide chains (23) . Explanations such as these could account for preservation of that part of the polypeptide chain that no longer has an active site.
It is of interest that parts of the polypeptide chains of certain synthetases are not required for aminoacylation. For instance, significant portions of tryptophanyl-tRNA synthetase (beef pancreas) (24) methionyl-tRNA synthetase (E. coli) (25) , and also possibly leucyl-tRNA synthetase (E. coli) (10, 26) can be removed by proteolysis with complete or partial retention of enzyme activity. Under conditions that inactivate the a2 (50,000 daltons) synthetases, proteo- Proc. Nat. Acad. Sci. USA 71 (1974) 380 Biochemistry: Waterson and Konigsberg lytic cleavage of 100,000-dalton single-chain synthetases in E. coli extracts does not result in loss of activity, an observation consistent with the hypothesis of the dual function for the single-chain synthetases (27) . The fact that leucine, valine, and isoleucine share a common biosynthetic pathway and that their tRNA synthetases are all single-chain 100,000-dalton enzymes, coupled with other observations such as that isoleucyl-tRNA synthetase can activate valine (28) (29) (30) and that proteolytically modified leucyl-tRNA synthetase can activate isoleucine and valine almost as well as leucine (26) , may be significant in terms of the evolutionary origin of these synthetases and the likelihood of their participation in some aspect of regulation.
The possibility that all 20 of the aminoacyl-tRNA synthetases have evolved from a common ancestral gene is consistent with several observations. Studies of various tRNAs have suggested that the structures of the recognition regions of tRNAs have been strongly conserved, e.g., the heterologous charging of transfer RNAs from E. coli and from a bluegreen alga, a species separated from E. coli by three billion years of independent evolution (31) . In this respect it is plausible, although by no means proven, that constraints on the evolution of the aminoacyl-tRNA synthetases have been imposed by the requirements for tRNA recognition. Other observations of common features possessed by these enzymes include: (a) virtually identical Michaelis constants for each of the three types of substrate (2); (b) very similar binding affinities for tRNA suggestive of common thermodynamic features or at least basic similarities in the geometry of the enzyme-tRNA interactions (32) and; (c) the grouping into two distinct molecular weight classes. All of these characteristics are consistent with the proposal that gene duplication, fusion, and limited divergence occurred after establishment of a structure capable of catalyzing aminoacylation.
It is obvious that additional information concerning the structures of the aminoacyl-tRNA synthetases is required before aspects such as the evolution of these enzymes and their structure-function relationships can be fully understood. Undoubtedly, numerous relationships among other classes of enzymes as well as between seemingly unrelated (33) proteins will become apparent when improved techniques are applied to their study. It is quite likely that the radioactive mapping procedure used to study the leucyl-tRNA synthetase can be used for similar studies of other highmolecular-weight proteins, especially those obtainable only in limited quantity.
Note Added in Proof. Since submission of the manuscript, two reports have come to our attention that discuss internal sequence repetition in aminoacyl-tRNA synthetases. 20 -fold higher specific gravity. Improved incorporation of label was also obtained when the "4C-labeled anhydride was taken up in dioxane and added in increments followed by addition of the unlabeled anhydride. When dealing with limited amounts of material, the use of unlabeled, succinylated carrier protein is also suggested.
